For investigating the Belousov-Zhabotinsky (BZ) reactions in free-fall experiments under microgravity, conducted at Japan Microgravity Center (JAMIC) in Hokkaido, the automated setup of batch-type, which was constructed in this work, had to be placed in the limited space and to have functions to prepare the reaction solution; it was also required to send it to the vessels after the necessary induction period and to collect image data via CCD cameras, including the process of integrating the capsule. These operation sequences of each device involved simple solid state relays. The initial start of the relay sequences was performed by a start command from the operation room of JAMIC. The propagation profile of the chemical patterns under microgravity of 10 −5 g was collected as image data for ca. 9 s. They were not disturbed by the release of carbon dioxide, which often deforms the chemical patterns in the aging of BZ reactions.
The effect of gravity on morphological bifurcations involving reaction-diffusion processes during microtubule formation was studied by Tabony.
1 He performed a stimulation based on pattern formation in selforganization, as revealed in the fundamental contributions by Turing 2 , and Nicolis and Prigogine. 3 Hess and Mikhailov 4 also discussed self-organization in living cells. Propagating calcium waves inside single cells were also reported. 5 Their properties were very similar to those of the spiral waves in the BelousovZhabotinsky (BZ) reactions 6 , well known as chemical oscillation reactions. Self-organization is a characteristic of a nonlinear system far from equilibrium. The BZ reactions are the most typical example of such a system.
Living organisms on earth have undergone evolution under normal gravity. If biological reactions were affected by gravity, nonlinear chemical reactions in the far-from-equilibrium process would be influenced under microgravity. The BZ reactions may be considered as an infinitely simplified chemical model of biological systems. This experimental study under microgravity was motivated by the fundamental similarity of biological systems to the chemical-oscillation behavior in the reaction-diffusion system of BZ reactions.
The microgravitational circumstance is utilized in the free-fall facility of JAMIC (Japan Microgravity Center, Kami-sunagawa, Hokkaido), where microgravity of 10 -5 g was available for 9.8 s in good quality. 7 This microgravity level is also the same in other facilities 8 , such as MGLAB in Toki-shi, Gifu, Japan and ZARM in Bremen, Germany. But the duration time of the level in JAMIC is the longest, which was the most important factor to the BZ reaction systems. The experimental chance was limited only in small number from the economic condition. In a free-fall run, it is necessary to take time for ca. 60 min or less to integrate the free-fall capsule, owing to some operations, such as balancing the center of gravity and then evacuating the space between the inner capsule and the payload module. The necessary time sometimes depended on the other experimental groups co-loaded in the free-falling capsule.
The reaction solution of the BZ reaction usually comprises bromate ions in sulfuric acid as an oxidizing agent, malonic acid as an organic substrate and tris(1,10-phenanthroline) Fe(II) complex ions (ferroin) as a metal catalyst, essentially the chemical oscillations being due to redox reactions. When the solution is placed at a depth of 1 -2 mm in a Petri dish without stirring, the chemical waves of concentric circles composed of red and blue waves of ferroin and ferriin, respectively, spontaneously occur and spread as spatial patterns. However, there were several problems characteristic of the BZ reactions. As carbon dioxide produced from malonic acid was released in the aging of BZ reaction, chemical waves were disturbed by the release. In previous reports 9, 10 , each initial concentration of the starting materials was selected by trial and error so as to delay the aging. In spite of such slow phenomena as traveling waves in the reaction-diffusion system of BZ reactions, clear detection is required for any chemical change. Therefore, it is very important to design for the slow phenomena to be observed surely in a short time, such as 9.8 s.
In the present work, for studying the effect of microgravity on the propagating speed of chemical waves, more general concentrations should be used as the reaction solution. For this reason, in the process of integration of capsule, the reaction solution must be prepared and then introduced to the vessels after the necessary interval of induction period. For this purpose, a new automated setup was assembled by hand, with which image data of target patterns were collected. The automated assembly was prepared under such a difficult condition as condensed packing of experimental equipments in the limited space without any release of chemicals, light, vibration and heat to the outside of our territory. Moreover, an unexpected start of operation sequence by noise signals should be avoided. Therefore, the most important concept of this work was "simple is best". In each step of operations, a reliable method was preferred to a smart and/or elegant manner. The start signal was given to the first step from the operation room of JAMIC, and then the sequence of operations ran automatically. The time schedule was adjusted so as to make the most desirable waves at the free-falling instant. Under normal gravity, some preliminary tests were carried out. The pulse component from a peristalsis pump, which influenced the occurrence of chemical waves 11 , was also deleted simply. The free-fall experiments of BZ reactions were carried out in planar and/or tubing vessels containing aqueous solutions and gel matrices, after some fundamental test runs.
Experimental

Reagents
All of the reagents were of guaranteed grade and used without further purification. A ferroin solution of 25 mM was commercially available from Merck, Darmstadt, Germany, and others from Wako Junyaku Kogyo Co., Tokyo, Japan. Each initial concentration of sodium bromate, malonic acid (MA), tris(1,10-phenanthroline) Fe(II) sulfate (ferroin) and sulfuric acid was in the range of 0.25 -1.0 M, 0.096 -1.0 M, 0.96 -4.0 mM and 0.19 -0.38 M, respectively. In the formation of chemical waves under normal gravity, sodium bromide of 0.055 M was added so as to minimize the induction period, but in some microgravitational experiments it was not added so as to prevent an intensive release of bromine. In experiments using a gel matrix, a reaction solution comprising bromate (0.70 M), MA (0.70 M) and sulfuric acid (0.25 M) was poured on a somewhathardened mixture of sodium silicate solution, ferroin and sulfuric acid, whose concentrations were 6.42 -7.04%, 3.36 mM and 0.25 M, respectively. Commonly used water with high quality was deionized by Milli-Q, Japan Millipore Co., Tokyo and boiled before use. In microgravitational experiments deionized and distilled water (Dia Pure, DP-100L, Rensui Co., Tokyo) was supplied by JAMIC.
Apparatus
As the fundamental concept of the denser setup in the limited space and the envelope size 7 available for our setup, which was the so-called "lateral 1/4′′ in JAMIC, were almost the same as those reported previously; 9 the same size of steel framework 9 was also used in this work.
The setup used 3 floors. Chemicals were treated mainly at the bottom floor. Heat-evolving devices, such as electric power in AC and DC, were set at the middle floor. The screen divider of the Quadrant Picture Unit, (JK-S44C, Toshiba, Tokyo), offered by JAMIC, was located at the top floor for easy detachment.
The apparatus on the bottom floor and their connections are demonstrated by a block diagram in Fig. 1 . Two kinds of reaction vessels (planar and tubular) were used. The planar vessel comprised a Teflon-coated silicon O ring (90 mm in diameter and 1.0 mm in thickness), which was sandwiched between two glass plates (120.0 mm×120.0 mm×5.0 mm). On the one plate, two holes (3.0 mm in diameter) were drilled for the inlet and outlet. These parts were screwed to an acryl frame. A Teflon spacer (1.0 mm in depth), at the center of which a circle (60 mm in diameter) was drilled, was additionally used only for the gel system. On the other hand, a tubular vessel was made from glass tubing (1.7 mm in inner diameter) and fixed to the acryl frame. In the setup, fragile parts were fixed loosely with a cushion against any shock, and powerful desiccant materials were arranged for safety near to glass bottles and vessels. For preparing the reaction solution, a ferroin solution (2.0 cm 3 ) was sent by a syringe pump to a 50 cm bottle of 100 cm 3 . The reaction solution was mixed with a floating stirrer bar (TFE Nalgene, Nalge Co., Rochester, USA), which was fixed by a Teflon frame to the wall of the bottle so as to prevent any jumping of the bar under microgravity. After the induction period of the BZ reaction, the solution was introduced to each inlet of the vessels by peristalsis pump (M-3, IuchiSeieido, Tokyo), and overflowed to the tank. The chemical patterns were observed in each reaction vessel fixed vertically. Image data were recorded by a monochrome CCD camera (XC-77, Sony, Tokyo) and an 8 mm ("so-called Hi8") video camera (TR-1000, Sony, Tokyo). Each vessel was illuminated from behind by a 3 W fluorescent lamp (Light Box 45, Hakuba, Tokyo) or an electric-luminescent (EL) plate (Vitrolumine V0901-PW, Showa Shell Sekiyu Co., Tokyo). For the monochrome camera, blue-colored filter was selected for better contrast; it also took part in the thermal cushion. The air in the bottom floor, of which all the faces were covered by plywood boards, was thermostated whithin 1˚C using a 45 W heater, electric fans (R87, Omron Co., Osaka) and a temperature controller (TF3-12, Keyence, Osaka). The temperature change was monitored at 6 points by sampling every 2 s to a data collector (AM-7052, Anritsu Keiki Co., Tokyo); front and rear surfaces of each vessel, surface of reaction bottle and almost the center of bottom floor. The collected temperature data were treated by commercially available software (AMS-7005, Anritsu Keiki Co., Tokyo).
At the middle floor, equipped were 8 mm video cameras (TR-1000, Sony, Tokyo) used as a deck of CCD camera, the electric powers of the CCD cameras and EL plates, both of the powers being made by hand, light-emitting diode (LED) circuits to indicate the moment of free-falling, which was switched for 1 s by the signal supplied by JAMIC, and 5 electric relays to start the automatic sequences. The detailed connections driven by 5 relays (R 1 to R 5 ) are shown by a block diagram in Fig. 2 , in which arrows indicate the direction of connection. R 1 , R 2 and R 4 were solid state relays (H3CA-A, Omron, Osaka), as were R 3 and R 5 (H3CA-8, Omron, Osaka). The time schedule of each relay from T 1 to T 5 and C 1 are shown in Fig. 3 . C 2 in Fig. 3 was sent from the operation room of JAMIC. Figure 4 is a snapshot in which the bottom floor of the assembled setup is partly shown. In the relation with the block diagram in Fig. 1 , A is a peristalsis pump fixed to the base board; the reaction solution vessel and magnetic stirrer shown as B are also set in the frame. The extra Hi8 camera, shown as C, was used superfluously to help in image-data collection in the case of fatal problems with the CCD camera. This camera is not shown in Fig. 1 . The syringe pump to send the ferroin solution was set beneath the camera. Figure 5 shows the middle and highest floors: A, power source of EL plates; B, back-up circuit in the switching of AC power from normal source to within-capsule source; C, screen divider of Quadrant Picture Unit. Necessary power sources which will release heat were collected these floors and opened to the air. The reac-161 ANALYTICAL SCIENCES FEBRUARY 1999, VOL. 15 Fig. 2 Block diagram of the automated system driven by relays: R1 to R5, solid state relays; T1 to T7, selected time of each relay; C1, start command of relay sequences sent from operation room; A, connection to AC 100 V generated in the capsule. 
Procedure
For the reaction-diffusion system in an aqueous solution, a mixture of NaBrO 3 , MA and H 2 SO 4 was put in the glass bottle, and a catalyst vessel with a ferroin solution was connected to the syringe pump.
The forcus, battery and operation button were checked for two video cameras to record image data of the chemical patterns. When a start signal was given to the relay sequences shown in Figs. 2 and 3 from the operation room of JAMIC, the reaction solution was prepared automatically, and then introduced to vessels from the bottom inlet shown as I in Fig. 7 and overflowed from the upper outlet of O in Fig. 7 after the necessary induction period.
The propagating process of the chemical patterns in each vessel was monitored at the display of the operation room via a screen divider loaded on the top floor of the mounted setup.
For the system in a gel matrix, ferroin in a waterglass solution was filled in the circular cutting of Teflon sheet on the glass plate. After the water-glass solution had hardened slightly, the same mixture of NaBrO 3 , MA and H 2 SO 4 as that used in the aqueous solution was introduced from the inlet of the vessel and overflowed before integration of the capsule. In some runs, after an appropriate time, the reaction solution was drained by the same rotation of the peristalsis pump as in its introduction to the other vessel, and the propagation of chemical waves continued in the vessel.
Results and Discussion
Some fundamental examinations were carried out under normal gravity to ensure the reliability of execution in the setup and to select unfailing experimantal conditions.
The dependence of the propagation speed on the initial concentrations of the chemical species was examined. Malonic acid did not change the propagation speed of the chemical patterns, but stimulated the appearance of phase waves. When the initial concentration of bromate was changed from 0.25 M to 0.45 M, and sulfuric acid from 0.15 M to 0.30 M, both components accelerated the propagation speed. In the present work, each initial concentration was selected so that clear chemical waves could appear in a shorter induction period.
The effect of pulsation by the peristalsis pump on pattern formation, especially in the planar vessel, could not be disregarded in preliminary runs. Kataoka ior as contrasted with a syringe pump. 11 In the calorimetric CSTR (continuous-stirred tank reactor) of BZ reactions 12, 13 , a long tubing (about 5 m length with 1.4 mm in inner diameter) was used between the peristalsis pump and each inlet of the vessels to prevent any flow from pulsation. The long tubing was kept in the water bath, so that temperature-controlled component solutions were sent to the vessel. However, this long tubing was not recommended in free-fall experiments due to compactness. In the present work, a dropped-pool injection buffer was simply applied so as to delete the pulsation. The intensity of pulsation was observed as the height of the free surface in the thin glass tubing of an upside-down T placed in the flow. Just after the peristalsis pump, the height difference of the peak to peak (p-p) in mm The reaction vessel should be illuminated from behind to collect image data by a CCD camera. For this purpose, the selection of a fluorescent lamp or an EL plate was made concerning such points of view as heat release, destruction by shock, easy handling and small space. Each heat release from the fluorescent lamp and EL plate was examined by measuring the temperature change at the front and rear points of the lamp or plate covered completely by styro-foam insulator boards. In the case of a fluorescent lamp, the temperature rise for supplying 27 min, DC 3V was 5.1˚C and 2.0˚C at the front and rear points, respectively, with good repeatability. In contrast, the temperature rise in the EL plate was up to 13.1˚C and 12.9˚C, respectively, for 30 min, AC 100 V. The heat release on the front surface was larger than that on rear surface. In the actual setup, the lamp and plate were open to the air, and the front surface was apart from the rear surface of the reaction vessel by least 3.5 cm. The power supply to the EL plate was minimized in the same automatic sequence as the CCD camera by the 5th relay in Fig. 2 from a large heat release. On the other hand, continuous illumination by dry cells was obtained from the fluorescent lamp. In the present work, therefore, the EL plate was selected from the space and stable illumination in the setup for CCD camera. The power source of the EL plates was placed on the opened second floor to prevent heat release near to the reaction vessels. The fluorescent lamp was used for a Hi8 video camera to monitor all processes of pattern formation as color images.
Generally, the operation sequences shown in Figs. 2 and 3 might be easily carried out by a small computer followed by data storage and calculations. In the present work, however, the computer was avoided from the standpoint of "simple is best", which could improve the success rate of experiments. Therefore, a simple combination of 5 relays was attempted in fear that reckless runs might start unexpectedly by some noise signals and/or memory or mechanical troubles in the hardware owing to experience involving floating and large gravity in landing. In typical runs, set times from T1 to T 7 and T R , as shown in Fig. 3 , were 30 s, 732 s, 600 s, 60 min, 600 s, 132 s, 50 min and 348 s, respectively. Other combinations of set times were carried out by simply changing T 2 , T 6 and T R .
Chemical waves which spontaneously occurring in the planar vessel were observed before the intense release of carbon dioxide by aging of the reaction. A typical snapshot under microgravity is shown as Fig. 7 , in which the grey or black area corresponds to the red color of ferroin and the white area to the blue of ferriin. No disturbance by carbon dioxide was found. The red and blue waves still traveled from upward to downward under microgravity. From fundamental knowledge concerning earth science, convection effectively disappears under microgravity. Therefore, in the microgravitational condition, only the diffusion term could be distinguished from the total mass transfer to move the chemical species in waves. Similar chemical waves observed as image data in glass tubing vessels are shown in Fig. 8 .
In the free-fall experiments of gel systems, a peristalsis pump controlled by the 3rd relay, as shown in Fig. 2 was also operated to discharge the reaction solution on a gel comprising water glass, ferroin and sulfuric acid, which had been introduced before the start of capsule integration. Two typical image data in a gel system obtained in the planar vessel are shown in Figs. 9 and 10. The difference in the two snapshots between the regular patterns in Fig. 9 and the irregular ones in Fig.  10 might depend upon minor factors in the initial conditions, and probably the nonlinear property of the reaction. The chemical patterns in a narrow ditch of 2.0 mm in width and 1.0 mm in depth are also shown in Fig. 11 . The release of carbon dioxide was sufficiently suppressed by the proposed setup. Since convection is not involved in a gel system 14 , the gravitational circumstance would make no difference in the traveling velocity of the chemical waves.
The propagation behavior of the reaction-diffusion system in BZ reactions was observed under microgravity in aqueous solutions and in gel matrices without disturbance due to release of carbon dioxide. It may take time to analyze these image data precisely before discussing the gravitational relation between the chemical waves and mass transfer. However, informative results are expected from the obtained image data. 20.0 mm 20.0 mm Fig. 10 Chemical waves of the BZ reaction in the gel system in the planar vessel. The reaction solution and the gel system were the same as those in Fig. 9 .
